The first N-terminal transmembrane helix of each subunit of the antigenic peptide transporter TAP is essential for independent tapasin binding  by Koch, Joachim et al.
FEBS Letters 580 (2006) 4091–4096The ﬁrst N-terminal transmembrane helix of each subunit of
the antigenic peptide transporter TAP is essential for independent
tapasin binding
Joachim Koch*, Renate Guntrum, Robert Tampe´
Institute of Biochemistry, Biocenter, Johann Wolfgang Goethe-University Frankfurt, Marie-Curie Strasse 9, D-69439, Frankfurt a.M., Germany
Received 7 March 2006; revised 30 May 2006; accepted 16 June 2006
Available online 30 June 2006
Edited by Felix WielandAbstract The heterodimeric ABC transporter TAP translo-
cates proteasomal degradation products from the cytosol into
the lumen of the endoplasmic reticulum, where these peptides
are loaded onto MHC class I molecules by a macromolecular
peptide-loading complex (PLC) and subsequently shuttled to
the cell surface for inspection by cytotoxic T lymphocytes. Tapa-
sin recruits, as a central adapter protein, other components of the
PLC at the unique N-terminal domains of TAP. We found that
the N-terminal domains of human TAP1 and TAP2 can indepen-
dently bind to tapasin, thus providing two separate loading plat-
forms for PLC assembly. Moreover, tapasin binding is
dependent on the ﬁrst N-terminal transmembrane helix of
TAP1 and TAP2, demonstrating that these two helices contrib-
ute independently to the recruitment of tapasin and associated
factors.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The ER-resident peptide transporter associated with antigen
processing (TAP) represents a crucial checkpoint in the major
histocompatibility complex (MHC) class I-dependent pathway
of antigen presentation of the adaptive immune system. Here,
peptides derived from proteasomal degradation of endogenous
proteins are translocated into the ER lumen by TAP, and after
loading onto MHC class I molecules, shuttled to the plasma-
membrane for inspection by cytotoxic T lymphocytes [1–6].
Since both, misfolded/unwanted proteins and defective ribo-
some products (DRiPs) are degraded by the proteasome, this
strategy is successful to prevent the spread of pathogens, which
employ the host cell for protein synthesis [7]. However, viruses
have evolved sophisticated strategies to prevent the generation
and presentation of antigenic peptides leading to escape fromAbbreviations: ABC, ATP-binding cassette; MHC, major histocom-
patibility complex; MOI, multiplicity of infection; PLC, peptide-loa-
ding complex; TAP, transporter associated with antigen processing;
TM, transmembrane helix; TMD, transmembrane domain
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and repeated reactivation within the host (for recent review
see [8]). Basically, all steps of the antigen presentation pathway
are targeted. Some of the viral factors involved have been iden-
tiﬁed. A target for these immune evasion proteins is the mac-
romolecular peptide-loading complex comprised of TAP1,
TAP2, tapasin, MHC class I heavy chain (HC), b2-microglob-
ulin (b2m) calreticulin and ERp57, which translocates anti-
genic peptides into the ER lumen for subsequent loading
onto MHC class I molecules [9–14].
TAP is a heterodimeric ATP-binding cassette (ABC) trans-
porter comprised of TAP1 and TAP2 [15]. Both subunits can
be subdivided into a transmembrane domain (TMD), which
binds peptide substrates and forms the translocation pore
within the ER membrane, and a cytosolic nucleotide-binding
domain, which energizes peptide translocation across the
membrane by ATP hydrolysis [16,17]. The TMDs comprise
10 and 9 transmembrane helices (TMs) for TAP1 and TAP2,
respectively [18]. The core-domain of 6 + 6 TMs is essential
and suﬃcient for ER targeting, membrane insertion, heterodi-
merization, peptide binding, and transport of the heterodi-
meric TAP complex, whereas the unique N-terminal domains
are required for tapasin binding [10,19,20].
Tapasin is a central component of the peptide-loading com-
plex and has diverse functions such as: (i) recruitment of
ERp57 and most importantly MHC class I molecules at
TAP, (ii) stabilization of TAP, (iii) increase of the eﬃciency
of MHC class I surface presentation, since this is strongly im-
paired in tapasin deﬁcient cells, (iv) exchange of low-aﬃnity by
high-aﬃnity peptides in the binding groove of MHC class I
molecules in the ER lumen, (v) coordination of peptide-load-
ing onto MHC class I molecules, and (vi) regulation and orga-
nization of ERp57 (for recent review see [11]). It was shown
previously that the TAP complex binds four tapasin molecules
and that the ratio of tapasin to MHC class I within the macro-
molecular peptide-loading complex is about 1:1 [11,13,14]. The
molecular mass of the peptide-loading complex (1 · TAP,
4 · tapasin, 4 ·MHC I, 4 · ERp57, and 4 · calreticulin) can
be estimated at 1 MDa.
The precise binding site for tapasin has not been mapped.
However, previous studies suggest that TAP and tapasin inter-
act through their TMs, since soluble human tapasin variants
and a transmembrane domain point mutant (L410F) were
defective in TAP association and consequently impaired in
MHC class I surface presentation [21]. Moreover, N-terminal
truncation studies of tapasin revealed that its C-terminal 178
amino acids are suﬃcient for interaction with TAP [22].blished by Elsevier B.V. All rights reserved.
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to the N-terminal domains of TAP1 or TAP2 in a functional
heterodimeric transport complex without the requirement of
other components of the peptide-loading complex. Moreover,
based on functional truncation variants of TAP, the tapasin
binding site within the N-terminal domains was mapped sys-
tematically, demonstrating that the ﬁrst N-terminal transmem-
brane helices of both, TAP1 and TAP2, are most crucial for
the assembly of the MHC class I peptide-loading complex in
the ER membrane.Fig. 2. Peptide transport in semi-permeabilized cells. Equal amounts
of cells were used in peptide translocation assays with the ﬂuorescein-
labeled peptide RRYQNSTCFL in the presence of 10 mM ATP (ﬁlled
bars) or apyrase (open bars) for 3 min at 32 C. After puriﬁcation, the
amount of transported peptide was quantiﬁed in a ﬂuorescence plate
reader. Data were normalized to the expression level of TAP1 and
represent the mean of triplicate measurements.2. Results and discussion
To analyze whether the N-terminal domains of TAP1 and
TAP2 can act as independent sites for tapasin binding, we gen-
erated truncation variants with six remaining TMs within
TAP1 and TAP2, respectively, in combination with the corre-
sponding wild-type counterpart (coreTAP1/wtTAP2 and
wtTAP1/coreTAP2, for details see Section 3) (Fig. 1A). Both
constructs were expressed together with tapasin in insect cells
as shown by SDS–PAGE and subsequent immunoblotting with
TAP1-, TAP2-, and tapasin-speciﬁc antibodies (Fig. 1C). Insect
cells are an established system to investigate TAP function
[23–25] as well as the interaction between TAP and other com-
ponents of the peptide-loading complex (PLC) [10,26,27].
Moreover, the lack of other components of the PLC was bene-
ﬁcial to current studies, since it allowed for a detailed analysis
of the sole interaction between TAP and modulators of the
PLC. To verify the overall integrity of both TAP variants (core-
TAP1/wtTAP2 and wtTAP1/coreTAP2), we performed peptide
translocation assays with ﬂuorescein-labeled peptides in sapo-Fig. 1. Expression of TAP variants in insect cells. (A) Schematic diagrams o
combinations with N-terminal deletion variants of TAP2 (wt/core) and TAP1
variants of TAP1 (DN1/core, DN1-2/core, DN1-3/core) and TAP2 (core/DN
variants and tapasin. Aliquots of microsomes from baculovirus-infected insec
with TAP1-, TAP2-, and tapasin-speciﬁc antibodies. Molecular mass markenin semi-permeabilized insect cells. Both TAP asymmetric vari-
ants containing only one N-terminal domain at TAP1 or TAP2
displayed ATP-dependent peptide transport, however, the
transport eﬃciency was somewhat lower than observed for
the wild-type and the core-TAP complex (Fig. 2). Interestingly,
this eﬀect is not reﬂected by the relative expression levels of
the diﬀerent constructs. Based on the fact that homodimers
of TAP subunits were non-functional these data illustrate the
formation of functional heterodimers. This behavior of thef the TAP1 and TAP2 heterodimer (wt/wt), the core-TAP complex and
(core/wt). (B) Schematic diagrams of systematic N-terminal truncation
1, core/DN1-2) (for details see Section 3). (C) Co-expression of TAP
t cells were separated by SDS–PAGE and analyzed by immunoblotting
r in kDa.
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of both N-terminal domains at TAP1 and TAP2 was equal to
a wild-type transporter in its ability to bind and translocate
peptides [10]. In order to analyze tapasin binding to core-
TAP1/wtTAP2 and wtTAP1/coreTAP2, we performed co-
immunoprecipitation experiments with digitonin-solubilized
microsomes prepared from baculovirus-infected insect cells.
TAP and tapasin were co-puriﬁed via a TAP2-speciﬁc antibody
and analyzed by SDS–PAGE and subsequent immunoblotting
with TAP1-, TAP2-, and tapasin-speciﬁc antibodies (Fig. 3).
Both, coreTAP1/wtTAP2 and wtTAP1/coreTAP2 bound spe-
ciﬁcally to tapasin, demonstrating that a single N-terminal do-
main of either TAP1 or TAP2 is suﬃcient for the association of
tapasin with the heterodimeric TAP complex. None of the pro-
teins was precipitated via a myc-tag-speciﬁc antibody (mock
precipitation) illustrating speciﬁc binding. For reference, theFig. 3. Tapasin binds independently to the N-terminal domains of TAP1 a
tapasin were solubilized with digitonin. Solubilized proteins were co-immun
elution from the beads, samples were analyzed by SDS–PAGE and imm
solubilized fraction; E, immunoprecipitate; Ø, mock precipitation.core-TAP complex did not bind tapasin as published previously
[10]. Taken together these data demonstrate that the N-termi-
nal domains of TAP1 and TAP2 act as independent platforms
for the assembly of the peptide-loading complex as proposed
previously [10,11]. Our results are in good agreement with data
obtained from TAP-transfected T2 cells expressing all of the
PLC components [20], illustrating again that insect cells repre-
sent a valid model system for the analysis of tapasin–TAP inter-
actions. Moreover, we show for the ﬁrst time that tapasin binds
independently to the N-terminal domains of a functional hete-
rodimeric TAP complex without the requirement of other PLC
components.
In order to characterize the tapasin binding site(s) at TAP in
more detail, we generated a set of TAP variants by systematic
N-terminal truncation of TAP1 and TAP2 deleting one trans-
membrane helix after the other. All of the truncation variantsnd TAP2. Microsomes from insect cells expressing TAP variants and
oprecipitated with a TAP2-speciﬁc antibody on magneto beads. After
unoblotting with TAP1-, TAP2-, and tapasin-speciﬁc antibodies. S,
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TAP counterpart to ensure co-expression of both subunits.
The resulting constructs DN1TAP1/coreTAP2, DN1-2TAP1/
coreTAP2, and DN1-3TAP1/coreTAP2 for the TAP1 trunca-
tions and coreTAP1/DN1TAP2 and coreTAP1/DN1-2TAP2
for the TAP2 truncations (Fig. 1B) were expressed together
with tapasin in insect cells. Similar expression levels were
found for all proteins as shown by SDS–PAGE and subse-
quent immunoblotting with TAP1-, TAP2-, and tapasin-spe-
ciﬁc antibodies (Fig. 1C). Notably, deletion of deﬁned
transmembrane helices from the N-terminal domains of
TAP1 and TAP2 leads to a corresponding increase in the elec-
trophoretic mobility of the constructs. In order to analyze
whether these asymmetric TAP variants can form functionalFig. 4. Tapasin binds independently to the ﬁrst N-terminal transmembrane
variants and tapasin were solubilized with digitonin. Solubilized proteins we
beads. After elution from the beads, samples were analyzed by SDS–PAGE an
S, solubilized fraction; E, immunoprecipitate; Ø, mock precipitation.complexes, we performed peptide translocation assays with
the ﬂuorescein-labeled peptide RRYQNSTCFL in semi-perme-
abilized insect cells in a similar way as described above. Inter-
estingly, all of the TAP variants showed ATP-dependent
peptide transport into the ER lumen, conﬁrming that func-
tional heterodimers were formed in the membrane and that
the asymmetry within the TAP-complex did not destroy the
overall integrity of the transporter (Fig. 2). Noteworthy, the
transport eﬃciencies of our constructs were diﬀerent and we
can, although very unlikely, not exclude the possibility that a
subfraction of the TAP complexes has an inverse orientation
within the membrane. Tapasin binding to distinct helices of
the N-terminal domains was analyzed after co-immunoprecip-
itation of the TAP complex with a TAP2-speciﬁc antibody.helix of TAP1 or TAP2. Microsomes from insect cells expressing TAP
re co-immunoprecipitated with a TAP2-speciﬁc antibody on magneto
d immunoblotting with TAP1-, TAP2-, and tapasin-speciﬁc antibodies.
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proteins were analyzed with TAP1-, TAP2- and tapasin-
speciﬁc antibodies. Strikingly, truncation of a single TM at
the N-terminus of either TAP1 or TAP2 led to a loss of tapasin
binding to the TAP-complex although TAP1 and TAP2 were
co-precipitated in all cases (Fig. 4). These data suggest that
tapasin makes immediate contact to the N-terminal TM of
TAP1 and TAP2, respectively. However, we cannot formally
rule out the possibility that the N-terminal transmembrane he-
lix of TAP1 or TAP2 is required for proper folding of the cor-
responding N-terminal domain independent from the TMD of
the core-TAP complex. The distinction between both possibil-
ities is diﬃcult to address experimentally since membrane
insertion and orientation of singularly expressed TMs are ill-
deﬁned. Moreover, deletion of the N-terminal 44 amino acids
of TAP1 or TAP2 could aﬀect ER targeting and membrane
insertion of the N-terminal domains of the TAP subunits.
However, this possibility is rather unlikely since ER targeting
and membrane insertion of a core-TAP complex are preserved
when compared to a full-length transporter [10]. Some of the
asymmetric TAP variants are more prone to degradation than
others (compare Figs. 3 and 4), however, it is never the case
that a particular subunit is completely degraded. Moreover,
as shown for the coreTAP1/wtTAP2 construct (compare
Fig. 3) it is evident that the N-terminal degradation products
do not aﬀect the possibility to detect associated tapasin. Since
the exposure times of all of the immunoblots shown in Figs. 3
and 4 were in the same range, it is obvious that, in case tapasin
would bind to the N-terminal truncation variants of TAP, it
had been detected in our studies. In conclusion, our data dem-
onstrate that the ﬁrst N-terminal TM of both, TAP1 and
TAP2 play an important role for docking of tapasin at TAP
and thus for assembly of the peptide-loading complex.3. Materials and methods
3.1. Cloning and expression of TAP constructs and tapasin
Based on coreTAP1, coreTAP2, DN1-3TAP1, and DN1-2TAP2 [10]
we generated a set of novel N-terminally truncated human TAP vari-
ants. The vectors p46TAP1wt and p46TAP2wt [28] were used in PCR
reactions with the primers 5 0-CAGCTCGAGATGTCCCTGCTG-
GTGCCCACCGCG-3 0 and 5 0-CTGCTCGAGTCATTCTGGAGCA-
TCTGCAGGAGCC-3 0 for DN1TAP1 (D2–44, 9 TMs remaining),
5 0-CAGCTCGAGATGCAGGGCTGGCTGGCTGCTTTG-30 and
5 0-CTGCTCGAGTCATTCTGGAGCATCTGCAGGAGCC-30 for
DN1-2TAP1 (D2–89, 8 TMs remaining), and 5 0-CAGGCGGCCGCA-
TGCGGCTGGGAGGGCTGTGG-3 0 and 5 0-CTGGCGGCCGCTC-
AGAGCTGGGCAAGCTTCTGC-3 0 for DN1TAP2 (D2–44, 8 TMs
remaining). PCR fragments were cloned into the expression vector
pFastBace Dual (Invitrogen) to combine diﬀerent TAP1 genes
(wtTAP1, DN1TAP1 (D2–44), DN1-2TAP1 (D2–89), DN1-3TAP1(D2–
132)) with coreTAP2 (D2–122) or TAP2 genes (wtTAP2, DN1TAP2
(D2–44), DN1-2TAP2 (D2–89)) with coreTAP1 (D2–166). Recombinant
baculovirus was generated using the Bac-to-Bac Baculovirus Expres-
sion System (Invitrogen). Cloning and expression of the wtTAP1 and
wtTAP2 as well as the human tapasin constructs were performed as
described [10,23].3.2. Cell culture and microsome preparation
Insect cells (Spodoptera frugiperda, Sf9) were grown in Sf900II medi-
um (Life Technologies) following standard procedures. Infection with
recombinant baculovirus and preparation of microsomes were per-
formed as described [23]. For single infections a multiplicity of infec-
tion (MOI) of 3, for co-infections an MOI of 3 for the TAP
constructs and an MOI of 30 was used for tapasin [10].3.3. Immunoblot analysis
The amount of TAP and tapasin in baculovirus-infected Sf9 cells
and microsomes derived thereof was determined by SDS–PAGE and
immunoblotting using TAP1- (mAb 148.3), TAP2- (mAb 435.3) and
tapasin-speciﬁc (7F6) monoclonal antibodies [23,24]. Relative amounts
of TAP1 and TAP2 were quantiﬁed after luminescence imaging (Lumi-
Imager F1e, Roche).3.4. Peptide transport in living cells
Baculovirus-infected Sf9 cells (2.5 · 106 cells per assay) were semi-
permeabilized with saponin (0.05% (w/v)) in 50 ll of AP-buﬀer (PBS
with 5 mM MgCl2) for 1 min at room temperature. Cells were washed
twice with AP-buﬀer. Peptide transport assays were performed with
0.46 lM of ﬂuorescein-labeled peptide (RRYQNSTCFL, single letter
code; N-core glycosylation targeting sequence underlined, ﬂuorescein
was coupled via the cysteine) in AP-buﬀer (total volume of 100 ll
per assay) in the presence of 10 mM of ATP for 3 min at 32 C. For
negative control ATP was substituted by 1 U of apyrase. The transport
reaction was terminated with 1 ml of stop-buﬀer (PBS with 10 mM
EDTA). Cells were collected by centrifugation and solubilized in lysis
buﬀer (50 mM Tris/HCl, 150 mM NaCl, 5 mM KCl, 1 mM CaCl2,
1 mMMnCl2, 1% NP40; pH 7.5) for 20 min on ice. The N-core glycos-
ylated peptides were recovered with concanavalin A (ConA)-Sepharose
beads (Sigma) overnight at 4 C. After washing with lysis buﬀer, pep-
tides were speciﬁcally eluted with 200 mM of methyl-a-D-mannopyr-
anoside and quantiﬁed with a ﬂuorescence plate reader (kex/em = 485/
520 nm; Polarstar Galaxy, BMG Labtech, Oﬀenburg, Germany). All
measurements were performed in triplicate.3.5. Tapasin interaction studies
Microsomes (750 lg protein) were solubilized in 1 ml of lysis buﬀer
(50 mM Tris/HCl, 150 mM NaCl, 5 mMMgCl2, 1% digitonin; pH 7.5)
for 60 min on ice. Insoluble proteins were removed by centrifugation at
100000 · g for 45 min at 4 C. Solubilized TAP1, TAP2, and tapasin
were co-immunoprecipitated on magneto beads (Dynabeads M-280
sheep anti-mouse IgG, Dynal Biotech), which were loaded with the
TAP2-speciﬁc mAb 435.3 prior to incubation with solubilized protein.
After incubation for 2 h at 4 C, the beads were washed three times
with 1 ml of washing buﬀer (50 mM Tris/HCl, 150 mM NaCl, 2 mM
EDTA, 0.1% digitonin; pH 7.5). Proteins associated with the beads
were eluted with 40 ll of SDS sample buﬀer and subsequently analyzed
by SDS–PAGE and immunoblotting using TAP1- (mAb 148.3),
TAP2- (mAb 435.3) and tapasin-speciﬁc (7F6) antibodies.
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